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This paper reports a study of cubic magnetic anisotropies of bcc-Fe and bcc-Co structures in Fe/Mn/Co trilayers grown by molecular
beam epitaxy onto MgO(001) substrates. Parallel ferromagnetic resonance experiments, at microwave frequency of 33.9 GHz, reveal the
presence of a large fourfold magnetic anisotropy in all studied films. Two uniform resonance modes, with fourfold magnetic anisotropy
in both bcc-Fe and Co layers, are excited by the microwave field in samples with Mn thicknesses of 0.83 and 0.99 nm. Films with thick
Mn layer (1.16–2.20 nm) do not exhibit independent Fe and Co uniformmodes, a result associated with an enhancement of the roughness
at the Mn/Co interface (Fe/Mn interface roughness was estimated by Fe Mössbauer spectroscopy to be nearly constant for all films)
at the Fe/Mn and Mn/Co interfaces. Magnetic anisotropy constants of bcc-Fe and bcc-Co layers of sample with 0.99 nm thick Mn layer
were determined, respectively, as and .
Index Terms—Epitaxial Fe/Mn/Co trilayers, ferromagnetic resonance (FMR), magnetic anisotropy.
I. INTRODUCTION
T HE study of the several aspects related to the produc-tion, characterization and applications of magnetic thin
films is a very dynamic research area, employing several spe-
cific and high sensitivity experimental techniques. Among the
several techniques applied to the investigation of thin-film mag-
netism, ferromagnetic resonance (FMR) has been used to study
the magnetization, the magnetic anisotropy and the exchange
coupling between the magnetic layers in a large variety of thin
films and/or multilayers [1]. In particular, for monocrystalline
films, the FMR measurements can be used to correlate the mag-
netic anisotropy to the crystalline structure of the sample. In
this aspect, the FMR technique was applied, for instance, to in-
vestigate the fourfold magnetic anisotropy of epitaxial single
crystalline Fe films on GaAs(110) substrate [2], sputtered Fe
films on MgO substrate [3] and Fe/MgO/Fe trilayers grown by
molecular beam epitaxy (MBE) onto MgO substrates [4]. In
the present work, the FMR technique is used to study the mag-
netic anisotropy of the bcc-Fe and bcc-Co layers of monocrys-
talline Fe/Mn/Co trilayers MBE-grown onto cubic single crys-
tals MgO (001) substrates. Previous studies [5], [6] of the struc-
tural and magnetic properties of a set of MBE-grown Fe/Mn/Fe
trilayers have shown the existence of a noncollinear coupling
between the Fe layers. Thus, we do also investigate if this kind
of coupling can occur in cubic Fe/Mn/Co trilayers. To the best
of our knowledge, studies of magnetic coupling and magnetic
anisotropy of MBE-grown Fe/Mn/Co trilayers were not yet re-
ported in the literature.
II. SAMPLES AND EXPERIMENTS
The magnetic anisotropy of Si(5.0 nm) covered
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trilayers was studied by the FMR technique. Six
samples with Mn layer thickness of 0.83, 0.99, 1.16,
1.33, 1.80, and 2.20 nm were prepared, hereafter called samples
A, B, C, D, E, and F, respectively. The monocrystalline trilayer
samples were grown onto rotating MgO(001) substrates to
ensure lateral uniformity of the film, using the KU Leuven
MBE setup, with a base pressure better than [5].
An Ag (40 nm) buffer layer was used to improve the surface
roughness as well as to favor the growth of continuous Fe layers
(Fe layer grown directly onto MgO substrate has grain-like
features). The substrate temperature during Fe deposition was
175 , whereas Mn and Co were grown at 50 . The Si cap
layer, used to minimize sample oxidation, was deposited at
room temperature (RT). In situ reflection high energy electron
diffraction (RHEED) analysis was performed to investigate
the in-plane epitaxy of each individual layer, using electrons
with energy of 10 keV at an incident angle of about 3 with
respect to the film plane. It was found that all layers exhibit
in-plane epitaxy, including the Co layer which seems to follow
Mn-bcc-like phase. The RHEED signal intensity reduces as
increases, indicating an enhanced Mn surface roughness.
XRD measurements have shown (002) texture for the Fe, Co,
Ag, and Mn layers (asymmetric Bragg peaks at due
to Fe and Co, and sharp peaks at and 55 attributed,
respectively, to Ag and Mn; the latter with a bct-like structure
[5]). Considering XRD and RHEED data, it was estimated
that the in-plane lattice constant misfit between Fe, Mn, and
Co is less than 2%. The magnetic response of the samples
was investigated using a PPMS-evercool I system. The M(H)
loop recorded at RT for sample A, with the applied field along
the [100] Fe easy direction, is displayed in Fig. 1. The loop
indicates that the magnetizations of Fe and Co layers are non-
collinearly coupled, in agreement with [5]. According to this
figure, the magnetization saturation regime can be reached for
field values higher than 2 kOe.
The FMR measurements were done at RT with a microwave
frequency of 33.9 GHz, using a high sensitivity electron mag-
netic resonance spectrometer (Bruker ESP-300) with standard
0018-9464/$31.00 © 2013 IEEE
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Fig. 1. M(H) loop of sample A. The direction of the applied magnetic field is
the same as the [100] easy axis of the Fe layer.
Fig. 2. In-plane FMR spectrum of sample B at microwave frequency of 33.9
GHz. Both Fe and Co resonance modes are excited by the microwave field.
Static magnetic field applied along the [110] hard axis of the Fe layer.
modulation and phase sensitive detection techniques. The swept
static magnetic field was measured with a precision of 0.1 Oe
and the rotating base magnet allowed a precision of 0.1 on
the angle of the static magnetic field with respect to the in-plane
crystallographic axis, or to the film normal. As conventional in
electron magnetic resonance experiments, the microwave mag-
netic field was positioned perpendicular to the static magnetic
field. Due to themonocrystalline structure of the films, with easy
and hard in-plane magnetization axes, the characteristics of an
FMR spectrum depend on the orientation of the applied static
magnetic field with respect to the crystallographic axes of the
Fe layer. In our experiments, the [100] and [110] axes are, re-
spectively, the in-plane easy and hard magnetization axis of the
monocrystalline Fe layer. It should also be mentioned that the
[100] easy axis of magnetization of the Fe layer is parallel to the
[110] in-plane axis of the MgO (001) substrate. The size of the
FMR samples is about .
Fig. 3. In-plane FMR spectrum of sample F at microwave frequency of 33.9
GHz. A single uniform resonance mode is excited by the microwave field. Static
magnetic field applied along the [110] hard axis of the Fe layer.
Fig. 4. Angular dependences of in-plane resonance fields of Fe and Co layers
of sample B, at microwave frequency of 33.9 GHz: evidence of fourfold mag-
netic anisotropy of both Fe and Co layers. The solid lines are fittings using the
resonance and equilibrium conditions discussed in the text.
III. FMR RESULTS
For a frequency of 33.9 GHz, in-plane FMR spectra of sam-
ples A and B reveal that Fe and Co uniform resonance modes
are independently excited by the microwave field, as illustrated
in Fig. 2 for sample B. The uniform Fe and Co resonance modes
are excited when the respective resonance and equilibrium con-
ditions of the magnetization are attained. The spectra of the
other four samples (with a thicker Mn layer) exhibit single uni-
form resonance modes, as shown for sample F in Fig. 3. The
spectra in Figs. 2 and 3 were obtained with the static magnetic
field applied along the [110] hard axis of magnetization of the
Fe layer.
The angular dependence of the in-plane absorption (res-
onance) fields was studied for all samples. The results give
evidence of a large in-plane fourfold cubic magnetic anisotropy
[3], [7], as revealed by the data shown in Figs. 4 and 5. For
samples A (not shown) and B, the angular dependence for Fe
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Fig. 5. Angular dependences of the in-plane resonance fields of samples (a) C; (b) D; (c) E; and (d) F, given by FMR experiments at microwave frequency of 33.9
GHz. Fourfold magnetic anisotropy revealed by the single uniform FMR mode excited by the microwave field. The solid lines are fittings using the resonance and
equilibrium conditions discussed in the text.
and Co resonance modes (Fig. 4) implies the presence of a
fourfold magnetic anisotropy for both Fe and Co layers. Using
the FMR theory discussed below, the angular dependence of the
in-plane absorption (resonance) fields with respect to the [100]
axis of the Fe layer, can be fitted with the magnetic parameters
deduced from the experiments.
On the other hand, it should be emphasized that FMR exper-
iments of sample B at a microwave frequency of 9.4 GHz (not
shown) reveal that nonaligned absorption modes are also ex-
cited in Fe/Mn/Co trilayers. The excitation of nonaligned modes
can be considered as evidence of noncollinear coupling between
the Fe and Co ferromagnetic layers, as also found in Fe/Mn/Fe
system [8]. At a microwave frequency of 9.4 GHz, the reso-
nance fields are below 1 kOe and in the presence of low static
magnetic fields the magnetic layers are noncollinearly coupled,
as suggested by the M(H) curve in Fig. 1. Additional evidence
of noncollinear coupling between Fe and Co layers in the pres-
ence of low static magnetic fields is given by the study of the
magnetization of Fe/Mn/Co trilayers and will be published else-
where [9]. Moreover, for films with thicker Mn layers, at low
microwave frequency the uniform resonance mode can only be
excited with the static magnetic field applied along or maxi-
mally 5 degrees away from the [110] hard axis of magneti-
zation of the Fe layer. This behavior, also seen in Fe/Mn/Fe
trilayers [8] and other systems [3], [7], [10], results from the
large cubic magnetic anisotropy of the films and does not allow
the study of the angular dependence of the in-plane absorption
(resonance) fields at low microwave frequency. At a microwave
frequency of 33.9 GHz the static magnetic field necessary to at-
tend the resonance condition is about 5 kOe. In the presence of
high static magnetic fields the Fe and Co ferromagnetic layers
are collinearly aligned and only uniform resonance modes are
excited by the microwave field.
IV. FMR THEORY
The presence of fourfold in-plane magnetic anisotropic field
in the films implies that the free energy F per unit of volume can
be written as
(1)
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This free energy is the result of contributions from Zeeman
(first term), demagnetizing (second term), and cubic magnetic
anisotropy (third term) energies. Here and are the angles
of the effective magnetization and the applied magnetic field
with respect to the normal to the film, and and are the
angles with respect to the in-plane [100] axis of the Fe layer,
respectively; is the fourth-order cubic anisotropy constant.
The equilibrium position of is given by the zeros of the
first angular derivatives of . In our experimental situation, the
in-plane equilibrium angle is given by the solution of
(2)
The general resonance condition for the uniform FMR mode
can be deduced from [10]
(3)
Here, is the resonance (angular) frequency and
is the gyromagnetic ratio ( is the charge and is the mass of
the electron, is the spectroscopic splitting factor). According
to this relation, and using the above expressions for the free
energy F, the resonance condition for the parallel in-plane FMR
measurements is
(4)
According to this theory, the resonance condition for in-plane
FMR experiments directly depends on the fourfold cubic mag-
netic anisotropy constant . The effective magnetization M,
considered here, includes possible contributions due to inter-
layer coupling and interface magnetic anisotropy.
V. ANALYSIS AND DISCUSSION
The magnetic properties of the Fe/Mn/Co bcc-like films were
deduced from the angular dependence of the in-plane absorption
field of the uniform resonance mode. For samples A (not shown)
and B (Fig. 4), the analysis was performed for both Fe and Co
resonance modes. For samples C, D, E, and F (Fig. 5), the de-
termination of the magnetic anisotropy was only done for the
single uniform resonance modes observed in the FMR exper-
iments with microwave frequency of 33.9 GHz. More specifi-
cally, the fittings of the angular dependence measurements with
the appropriate equilibrium and resonance conditions discussed
above yield the anisotropy constants, effective magnetizations,
and g-factors listed in Table I. It should be first emphasized
that the magnetic anisotropy results are in good agreement with
known values for monocrystalline thin Fe [3], [7], [10], [12] and
Co [13] films reported in literature. In addition, for films with
thin Mn spacer, the Co magnetic anisotropy is slightly higher
than that of Fe, but both Fe and Co have a comparable order
TABLE I
MAGNETIC PARAMETERS OF Fe/Mn/Co TRILAYERS: ANISOTROPY CONSTANTS,
EFFECTIVE MAGNETIZATIONS, AND G-FACTORS
of magnitude due to their bcc-like features, as suggested by
RHEED and XRD data.
The FMR experiments at a frequency of 33.9 GHz reveal
that for films with thicker Mn layers, only a single uniform
resonance mode is excited by the microwave field. To a first
approximation, this can be attributed to: (i) large fractions of
Fe and Co atoms affected by Mn atoms at Fe/Mn and Mn/Co
interfaces, respectively, and (ii) the magnetization saturation
regime reached by Fe and Co layers in the presence of high
static magnetic fields. It should be mentioned that, as suggested
by RHEED briefly discussed above, the roughness of the Mn
layer increases with increasing . This roughness effect may
favor a Co atomic inter-diffusion at the Mn/Co interface (al-
loying process). Moreover, all samples were prepared with 1 nm
of layer deposited at the Fe/Mn interface and -Möss-
bauer spectroscopy suggests that a relative great fraction of Fe
atoms (40% of the total spectrum area) display magnetic proper-
ties that deviate frommetallic Fe. This effect is due to nonequiv-
alent configurations for Fe sites at the Fe/Mn interface, i.e., Fe
atoms at the corner, step-edges, flat regions. This is also a pos-
sibility of a disordered Fe/Mn alloy formation at the interface;
this problem will be discussed elsewhere [9]. Thus, mainly in
Mn/Co interface, one may assume that for large Mn thickness
the interface effects reduce the difference between the effec-
tive magnetizations of Fe and Co layers. In view of this, at a
microwave frequency of 33.9 GHz the in-plane FMR experi-
ments cannot reveal independent resonance modes of Fe and
Co coupled layers. The wide resonance lines must result from
the overlap of Fe and Co resonance lines.
Finally, due to the rectangular shape of the samples used for
the FMR experiments, a correction term dependent on the di-
mensions of the samples and demagnetizing effects [14] could
be added to the resonance condition (3). We argue here, how-
ever, that to deduce from the FMR experiments a true contribu-
tion from a shape parameter, it would be necessary to compare
the results given by rectangular and circular samples (exhibiting
homogeneous demagnetizing effects). This could be an exten-
sion of this work. Otherwise, the addition of the shape parameter
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could be compensated by a different g-factor to deduce the same
values of anisotropy constants.
VI. CONCLUSION
The MBE-grown Fe/Mn/Co trilayers present the in-plane
fourfold cubic magnetic anisotropy field characteristic of
monocrystalline Fe films. Bcc-Fe and bcc-Co uniform FMR
modes are excited in samples with a thin Mn layer (0.83 and
0.99 nm), implying that the Co layer also exhibits a fourfold
cubic magnetic anisotropy. Magnetic crystalline anisotropies
of the bcc-Fe and bcc-Co phases were deduced as
and , respectively. These values can be
used, for example, to fit M(H) curves, where usual bulk-like
values are assumed in the fitting procedure. Samples with a
thick Mn layer ( 1.16 nm) do not exhibit independent Fe and
Co uniform FMR modes; this behavior can be explained by
assuming an atomic interdiffusion at the Fe/Mn and Mn/Co
interfaces (enhanced in Mn/Co interface as the Mn thickness
increases). In general, noncollinear coupling of Fe and Co
layers occurs in films with thin Mn spacer, in the presence of
low static magnetic fields. The noncollinear coupling was not
observed for thicker Mn layer, as reveal the FMR data obtained
at a microwave frequency of 33.9 GHz.
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